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Isothermal-isobaric Monte Carlo calculations were used to obtain predictions of the elastic
coefficients and derived engineering moduli and Poisson ratios for crystalline
hexahydro-1,3,5-trinitro-1,3,5-triazinlRDX). The elastic coefficients were computed using the
strain fluctuation formula due to Rahman and Parringllo Chem. Phys76, 2662 (1982].
Calculations were performed as a function of temperature (288&333K) and hydrostatic
pressure (0 GRap=<4 GPa). The predicted values of the moduli and Poisson ratios under ambient
conditions are in accord with general expectations for molecular crystals and with a very recent,
unpublished determination for RDX. The moduli exhibit a sensitive pressure dependence whereas
the Poisson ratios are relatively independent of pressure. The temperature dependence of the moduli
is comparable to the precision of the results. However, the crystal does exhibit thermal softening for
most pressures. An additional product of the calculations is information about the
pressure-volume-temperatung\(T) equation of state. We obtain near-quantitative agreement with
experiment for the case of hydrostatic compression and reasonable, but not quantitative,
correspondence for thermal expansion. The results indicate a significant dependence of the thermal
expansion coefficients on hydrostatic pressure.2@0 American Institute of Physics.
[S0021-897€00)03010-3

I. INTRODUCTION temperature, hydrostatic compression of hexahydro-1,3,5-
. . trinitro-1,3,5-triazine (RDX) and p-octahydro-1,3,5,7-
Plastic-bonded explosivePBXs) and propellants are tetranitro-1,3,5,7-tetrazocin€s-HMX) within an all-atom

highly filled composite materials comprised of grains of an . . .
energetic material held together by a polymeric binder. TheréIgld molecule framework. Hydrostatic pressures of 0 GPa

has been an increasing effort in recent years to understa gP=3.95GPa and 0 GRap=7.47 GPa were considered

and predict the macroscopic response of these compositesrl%r RDX and-HMX, respectively, corresponding to the do-

the basis of fundamental chemical, thermophysical and mer_nains of phase stability of the room-temperature polymorphs

chanical properties of, and interactions among, the constit/Or those materials. Comparison of the computed results to

ents. This is a severe challenge due to both the large domalfi'@ diffraction data reported by Olinger, Roof, and Cady

of spatio-temporal scales that must be spanned and the didldicated good agreement for both the volumetric compres-
tinct classes of materials that must be described within 810N and the individual crystal lattice parameters, for all pres-
single modeling framework. sures considered. These quantities are sufficient to define a

Our main interest is in the use of atomistic methods toPressure-dependent bulk modulus and linear coefficients of

predict the kinds of physical and mechanical properties reisothermal compression.
quired in the formulation and parameterization of detailed ~More recently, we reported preliminary predictions of
mesomechanics models which describe materials at the levéle anisotropic engineering modioung's and shearand
of interacting constituent&.g., grains and binder in a PBX  Poisson ratios for crystalline RDX, for the same conditions
These methods are increasingly used to obtain constitutivef temperature and hydrostatic pressure considered in Ref.
laws for continuum calculations. As mesomechanics modeld.*> These predictions are based on formalism due to Par-
become more sophisticated, there is a need for a more coninello and Rahmahin which the elastic stiffness tensor
plete description of constituent properties, e.g., specificatio;ji is expressed in terms of fluctuations in the elastic strain
of the Young's moduli rather than the bulk modulus; andtensor(ej; €) for the material. The strain fluctuations were
dependencies of the thermophysical properties on temperaalculated using information generated during the course of
ture, pressure, and strain rate. the Monte Carlo realizations described in Ref. 1. The pre-
In a preceding publication, we presented isothermaldicted moduli and Poisson ratios are in reasonable agreement
isobaric (NpT) Monte Carlo calculations of the room- with a very recent, experimental determination for RBX.
In the present article, we report more extensive calcula-

dAuthor to whom correspondence should be addressed; electronic mai]:.lOnS of the crysltal Iamce. parame_terS' anisotropic Yqung’s
sewell@lanl.gov and shear moduli, and Poisson ratios for RDX as functions of
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both temperature and hydrostatic pressure. Specifically, wmula from which the elastic coefficients, and hence the en-
consider pressures in the domain 0 GRe=4 GPa and tem- gineering parameters, are extracted. The results and
peratures betweed=218K and T=333K. Also, in the accompanying discussion are provided in Sec. lll. Finally,
present calculations we employ recently published potentialwe summarize our conclusions and comment on directions
energy surface parameters due to Sorescu, Rice, arfdr future work.
ThompsorP~ which were specifically calibrated for RIIX
and then shown to be transferrable to three HMX||. COMPUTATIONAL METHODS
polymorphs’ as well as to a rather large set of additional
nitramine-containing compounds.

The outline for the remainder of the article is as follows: The results were obtained using isothermal-isobaric
In Sec. Il we briefly describe isothermal-isobaric Monte (NpT) Monte Carlo methods. For a systemMfrigid mol-
Carlo, the potential-energy surface used, and pertinent conecules, the ensemble average of macroscopic property
putational details. We then summarize the fluctuation forA(N,p,T) is therefore given b{~12

A. Isothermal-isobaric Monte Carlo

[dhfdsfd®A(s,@:V(h))e BlUN(SO)+pV(N) — (NIB) In V()]
<ANpT>: [dh[dsf d@e PIUNE®)+PV(R) — (N/A) I V(R)] ' D

wheres and® are the molecular positions and orientations,

respectively;Uy is the potential energy in terms of those U(R):; BEA .EA EB [UredRij) + Ugisg Rij)
variables;V is the volume;p is the scalar pressure; agl e

=1/kT. The positions and orientations in Ed) are written +Ueed Rij) 1, 4
in scaled coordinates, related to Cartesian coordingteg

the transformatiorg=hs, whereh is the upper triangular hereA andB lecul dandi denot ticul
matrix which transforms between the two coordinate sys—W €reA andb are molecules, andand) denote particuiar

tems. The columns df are the lattice vectors, b, andc; the atoms. The repulsion, dispersion, and electrostatic terms are
elements ofh specify the size Y=deth) and shape of the written as
volume under consideration.

The Monte Carlo estimate to E@l) is the arithmetic Uep=Ajje BiRi, (5)
average of the microscopic function of configuration
A(s,0;V) which is taken over the states of a Markov chain

in the configuration space of the system Uisp= — Cij /Rﬁ ’ ©)
A(N,p,T)= lim — > A(51,0,:Vy), @) elec= i /R,
M—o M m=1

whereA, B, C, andq were taken from recent work due to

where the transition matrix between successive states 80rescu, Rice, and ThompsbiThose workers developed a
based on the potential energigg(sy,®,,) in such away as S€t of potential parameters speuﬁcglly for .RDX by optimi-
to assure detail balance and the equalityd¢N,p,T) with ~ zation of A andC fgr. N-N and O-O interactions, using pa-
the actual ensemble average given above. The independdigimeters due to Williams and co-workS>for all remain-

variables are the 18 molecular positions and orientations N X-X repulsion and dispersion interactions. Partial
plus the six nonzero elements lof charges were obtained from an electronic structure calcula-

In this work, the Markov chain was generated using ation for the RDX asymmetric unitone moleculgin the gas
Metropolis algorithm® in which trial moves are accepted phase. Parameters for X-Y interactions were defined using

with probability P=min[exp(—A),1], where, for present traditional combination rules. _
statem and “trial” state m+ 11° Although there are alternative functional forms and pa-

rametrizations forC, H, N, and O in the literature’®-18
including one developed for flexible HM¥ the set of re-
A=p{{UR T =UR]+p[V™HE-VM]} pulsion and dispersion parameters due to Sorescu, Rice, and
~NIn(V™ym). 3) Thompson is the only one specifically calibrated for RDX.
Moreover, this set, taken together with molecule- and
polymorph-specific partial charges, has been shown to be
transferable to HMX polymorpHss well as to a large set of
additional nitramine-containing molecular crystafsAll po-
The intermolecular potentials used are of the form tential parameters are provided in Ref. 6.

B. Potential-energy surface
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C. Strain fluctuations, elastic coefficients, and 1/E, —vylE, —va/Es
engineering moduli
i . A= - V12/E1 1/E2 - V32/E3 (17)
In the theory of linear elasticity, the second-rank stress B —van]E 1E
and strain tensorsr and e are related through the elastic B »=2 3

stiffness tenso€ by'° and

7ij = Cijui €k » tS) UGzs 0 0

wherei,j,k,1 €1,2,3. The inverse of the stiffness tensor is B= 0 Wos O (18
known as the compliance tens@s=C™ 1. 0 0 1Gy,

Parrinello and Rahmér’nave shown that the fluctuations contain the Young’s rnodl/"Ei and Poisson ratiosij , and
in the elastic strain provide a direct measure of the isothershear moduliG;; , respectively.
mal compliance for a general anisotropic medium through  Thus, the desired engineering coefficients can be ob-

the relation tained from anNpT Monte Carlo realization by calculation
V) of the fluctuations of the strain tensor, expressed in terms of
Sk = & €x) — (9)  the instantaneous scaling mathand reference statg, (de-

fined as the element-wise arithmetic averagh détermined

where(V) is the mean volume an;; €) is the outer prod- from the realization

uct of the strain tensor with itself. The strain tengas given ) )
by D. Other computational details
At room temperature and atmospheric pressure, RDX

e=3(hg"'Ghy'—1) (10) izes | i -

2(Ng 0 ' crystallizes in the orthorhombic space group Pbca waith
=13.182A, b=11.574A, ¢=10.709A, andZ=8 mol-
ecules per unit cefl> We included this number of molecules
in our primary simulation cell, using the measured structure
to define the molecular geometry and initial crystal structure.
Periodic boundaries were used to simulate the infinite solid,
and all interactions between molecules having center-of-
mass separations of 20 A or less were included in the energy

wherehg is the reference state of the sytsem & h'h is
the metric tensor. A prime’} indicates a matrix transpose.

The compliance in Eq(9) is a fourth-rank tensor com-
prised of 81 elements. However, by taking advantage of th
symmetry ofe, S can be rewritten in contracte@econd-
rank) form?°

M, M, evaluations.
Z(M M ) (11 One Monte Carlo cycle was defined to consist of five
3 T4 attempted rotations and translations per molecule plus 20
where attempted variations in the size and shape of the primary
simulation cell. Maximum displacements were adjusted to
Si111 S22 Siisz yield approximately a 50% acceptance probability for each
My=| Soo11 S22 Sooss|, (12) kind of move. A complete realization consisted of 500 dis-
carded warm-up cycles followed by a sequence of 10000
Ssanr Ssszz Sssas production cycles. The final configuration from one realiza-
Sp1oat Si1s2 Siirst Siist Siiiot Sion tion was used as the initial configuration for the next. The
thermodynamic states for two successive realizations were
Mo=| S22t Sp2s2 Sez1st Sps1 Szz12t Spozn | required to differ by(at least either 60 K and 1.0 GPa or 30
S3325t S3332 Saarst Szazn Ssz1zt Ssazn K and 2.0 GPa.
(13 Uncertainties reported below for lattice parameters cor-
respond to the standard deviation of the mean, obtained from
Saz11 Sezzz Spass statistically independent subaverages computed along the
M3=2| Ss111 Ss122 Ssissl, (14) Markov chain. The battery of analyses described by #ald

was used to determine a suitable length for the coarse-
grained observations. Uncertainties for the moduli and Pois-
Soaoat Sozzz Soziat Sozzr Soziot Soaon son ratios were obtained using a bootstrap methiadvhich
the 10 000 Monte Carlo observationsiofor a given p,T
M4=2| Ss125t Ssizz Ssust Ssar Ssnizt Ssin state were sampled randomyith replacemer?tin ba?chgs
S1223+ S1232 S1213+ S1231 Si12121 Sp221 of 2500 to obtain the compliance tensor, assuming that the
1 sample pool of observations is representative of the popula-
tion. Mean values and variances of the elements of the com-
pliance tensor were obtained on the basis of 100 of these
A O “bootstrap cycles.” Finally, standard error propagation tech-
S:( 0 B)’ (16) nigues were used to obtain uncertainties for the elastic
moduli and Poisson ratios derived from the compliance ten-
where sor [Egs. (16)—(18)]. The error bars obtained in this way

S1211 S1222 S1233

For an orthotropic materidl S assumes the form
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TABLE |. Calculated stiffness matrix\GPa and relative value€;; /Cy, for the caseT =276 K, p=2.0 GPa.
Relative values are in parentheses in the bottom half of the matrix structure.

49.570 14.310 17.690 0.187 -0.215 -0.313
44.291 16.417 —0.462 0.209 -0.188
(1.000 40.162 ~0.227 ~0.380 —0.054
(0.289 (0.894 13.186 0.304 ~0.235
(0.357 (0.331) (0.810 9.754 -0.198
(0.004 (—0.009) (~0.005) (0.266 12.018
(—0.004) (0.004 (—0.008) (0.006 (0.19%
(—0.0086) (-0.004) (-0.001) (~0.005) (-0.004) (0.242

were found to be relatively insensitive to the precise values\. Elastic constants and derived parameters
chosen for the bootstrap parameters. In all cases, error bars

comrespond to one standard deviation. The calculated stiffness matrix fo(p=2.0GPa, T

=276 K) is given in Table I. Also included in Table | is the
ratio C;; /Cy;. (Cyy is the largest element & for the case
Ill. RESULTS AND DISCUSSION considered. Since the matrix is symmetric, only the upper

We have performed rigid-molecule isothermal-isobarich@l IS shown. Itis seen that the form g)(_p(cajzc;[ed for orthotro-
Monte Carlo realizations for crystalline RDX in order to ex- Pic materialdEgs.(16)~(18)] is well satisfied.” Each of the
tract the isothermal compliance tensor and hence the anis§lements that should be zero for an orthotropic material is at
tropic engineering coefficients. A set of temperatures andnost 5% of the smallest formally nonzero one, and most of
hydrostatic pressures relevant to the development of imthem are much smaller. Similar results were obtained for
proved mesomechanical descriptions of energetic materia@ther pressures and temperatures.
under weak to moderate stress loading was considered. An The calculated elastic moduli are collected in Table II.
additional benefit of the calculations is new pressurePlots of the pressure dependende=276 K) and of the tem-
volume-temperature pVT) equation of state information. perature dependence< 0.0 GPa) are shown in Figs. 1 and
While the calculations described here were performed in th@. The magnitudes of the Young’s and shear mo¢iliand
rigid-molecule approximation, previous agreememith ex- ~ G;j) at zero pressure are reasonable for organic molecular
periment using a similar potential-energy parametrizatiorsolids, and are seen to increase dramatically with increasing
suggests that this is not too severe an approximation for theydrostatic pressuréFig. 1). This is expected due to the
guantities discussed below. significant (~15%) bulk compression that occurs at the

TABLE Il. Calculated Young's and shear moduli &9, T). Units are GPa. Uncertainties in the last digit are
in parentheses.

T (K) p (GPa E; = = Gas Ga (EIP)
218 0.0 27.88) 27.08) 17.44) 963 602  9.103)
1.0 30.38) 33.1(9) 2828 13.03 852  11.84)
2.0 391) 35(1) 31.08) 1203 953  12.34)
3.0 652) 63(2) 41(1) 2075) 1123  21.36)
4.0 722) 85(3) 71(2) 25.47) 19.05) 26.28)
247 0.0 26.07) 25.57) 1664 913 552 8493
1.0 32.%8) 33(1) 29.38) 12.94) 8.1(2) 12.04)
2.0 381) 36(1) 28.88) 13.54) 933  12.44)
3.0 632) 59(2) 411  1976) 1133  20.66)
4.0 702) 83(3) 62(2) 2636) 17.15  26.77)
276 0.0 24.88) 23.08) 1695 862 572 833
1.0 31.69) 32.38) 29.98) 13.04) 8.2(2) 11.33)
20 4q1) 36(1) 3069 1313 973  12.03)
3.0 582) 56(1) 41(1) 18.85) 11.53) 18.35)
40 712) 78(2) 64(2) 2417) 1685  25.09)
304 0.0 24.97) 21.1(6) 1544) 842 532  7.62)
1.0 29.88) 32.19) 2667) 1274 802  1L64)
2.0 361) 35(1) 2078 1293 953 1263
3.0 582) 56(2) 38(1) 19.06) 11.43) 19.37)
4.0 702) 74(2) 57(2) 2577) 17.25)  24.97)
333 0.0 22.27) 20.26) 14.34) 7.42) 5.1(1) 7.92)
1.0 31.19) 32.19) 2607) 1173 772  10.713)
2.0 411) 37(1) 31(1) 13.44) 993 1234
3.0 572) 54(2) 40(1) 1845 11.53) 1855
4.0 702) 74(2) 56(2) 2447 1654)  25.1(7)
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FIG. 1. The calculated Young's and shear moduli for RDX are shown as &G 2. The calculated Young's and shear moduli for RDX are shown as a
function of hydrostatic pressure for a fixed temperaturd #R276 K. Indi-  function of temperature for a fixed hydrostatic pressur@ef0.0 GPa. In-
vidual moduli are identified in the figure legend. dividual moduli are identified using the same scheme as in Fig. 1.

highest pressurés’ Anisotropy among the moduli is evi-
dent, although not prominently so. In particulep andG3;  offset by 0.025 GPa from the preceding one. The qualitative
are approximately 2/3-3/4 the values of the remainingeatures ofv,; and v,; are representative of the remaining
Young’'s and shear moduli. The relative increases in thdour. The relative uncertainties fof; are significantly larger
shear moduli with pressure are smaller than for the Young’shan for eitherE; or G;;, and the temperature dependence is
moduli. The temperature dependence of the moduli is relanot resolved in the present calculations. Differeptappar-
tively weak(Fig. 2), and is near the limit of precision of our ently have distinct pressure dependencies, including statisti-
calculations. However, in most cases, the moduli decreaseally significant non-monotonicities. There is a weak posi-
with increasing temperatur@able II). tive pressure dependence in the “isotropic” Poisson ratio,
The six Poisson ratiogr) are tabulated in Table Ill. defined as the arithmetic average over all gjxand all five
Plots of the pressure and temperature dependence of two tdmperatures, as shown by the bold dot-dash line in Fig. 3.
them (v, and vq3) are provided in Fig. 3. For clarity of For an isotropic material, the bulk modulisis given
presentation, the results for each successive temperature dong

TABLE Ill. Calculated Poisson ratios &§p,T). Uncertainties in the last digit are in parentheses.

T (K) p (GPa Va1 V31 2P V32 Vi3 Va3
218 0.0 0.2(2) 0.172) 0.203) 0.192) 0.273) 0.303)
1.0 0.243) 0.323) 0.223) 0.212) 0.343) 0.253)
2.0 0.183) 0.272) 0.203) 0.293) 0.343) 0.333)
3.0 0.223) 0.202) 0.223) 0.272) 0.313) 0.424)
4.0 0.313) 0.253) 0.263) 0.253) 0.253) 0.31(3)
247 0.0 0.17) 0.202) 0.182) 0.192) 0.314) 0.293)
1.0 0.233) 0.253) 0.233) 0.253) 0.283) 0.283)
2.0 0.192) 0.293) 0.202) 0.282) 0.383) 0.353)
3.0 0.212) 0.202) 0.223) 0.272) 0.313) 0.394)
4.0 0.293) 0.263) 0.253) 0.223) 0.303) 0.293)
276 0.0 0.1%) 0.152) 0.203) 0.222) 0.223) 0.303)
1.0 0.2%3) 0.273) 0.243) 0.253) 0.283) 0.273)
2.0 0.172) 0.283) 0.193) 0.283) 0.364) 0.333)
3.0 0.213) 0.242) 0.223) 0.272) 0.333) 0.3603)
4.0 0.243) 0.223) 0.243) 0.283) 0.2613) 0.344)
304 0.0 0.1®) 0.162) 0.203) 0.223) 0.254) 0.304)
1.0 0.2%3) 0.293) 0.233) 0.223) 0.333) 0.273)
2.0 0.203) 0.323) 0.203) 0.283) 0.384) 0.334)
3.0 0.172) 0.252) 0.182) 0.292) 0.394) 0.434)
4.0 0.283) 0.243) 0.273) 0.283) 0.293) 0.363)
333 0.0 0.162) 0.182) 0.183) 0.202) 0.283) 0.283)
1.0 0.233) 0.233) 0.233) 0.253) 0.289) 0.31(3)
2.0 0.182) 0.263) 0.203) 0.283) 0.343) 0.343)
3.0 0.202) 0.252) 0.21(3) 0.283) 0.353) 0.384)
4.0 0.263) 0.272) 0.243) 0.252) 0.333) 0.333)
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0.5 ‘ ' ‘ ' tween experiment and calculati¢fi=304 K, p=0.0 GPais
favorable but not outstanding. The resulting anisotropic
0.4 - Young's and shear moduli are 130% and 116% of the re-
% + spective experimental valud¥oigt averageg the average
-% 0.3 Poisson ratio is 80% of the experimental number. Although
Dc: e the elastic moduli we predict are somewhat larger than the
2 e R experimental values, this is evidently balanced by a smaller
'n%_ 0.2 g % 1 Poisson ratio, to yield a bulk modulus within 4% of experi-
ment.
0.1 ©Vy | B. The pVT equation of state and derived parameters
u
= The pV equation of state for RDX has been measured
0.0, ] 5 3 4 (T=295K, O0GPap<9.19GPa) by Olinger and
Pressure (GPa) co-workers® A phase transition was identified above 4 GPa,

but the structure of the high-pressure polymorph has yet to
FIG. 3. The calculated Poisson ratieg and v,5 for RDX are shownasa phe  determined (although it has been studied
function of hydrostatic pressufabscisspand temperaturéparametric vari- t - ”?3? H t lculated it I
able. Values for successively higher temperatures at a given pressure arPectroscopica ) ere we presen C.a culated unit ce
offset from one another by 0.025 GPa for clarity of presentation. The heavyyolumes and lattice lengths for 25 uniformly spacedd
dot-dash line is the average of all six Poisson ratios, and over all five tempairs (0.0 GPa&p=<4.0 GPa and 218K T<333K). We do
peratures, at a given pressure. not report lattice angles since the averages never deviate sig-
nificantly from 90°. The results, which are collected in Table
E IV, are sufficient to allow for predictions of linear and volu-
=312 metric coefficients of isothermal compressibility and thermal
(1-2v) expansion on the— T surface. Values for some of these are
If, for the caseT=304 K andp=0.0 GPa, we compute the contained in Tables V and VI, where we also include the
arithmetic average of the Young’s moduli and Poisson ratiosivailable experimental data. For purposes of comparison in
to obtain isotropic valueE=20.2 GPa and'=0.22, then we the remainder of this section, the calculated results were
predict a zero-pressure bulk moduluskof 12 GPa, in good standardized to a temperature Bf 295 K. Values corre-
agreement with the experimental valie,,=13.0 GPa due sponding toT =295K were obtained using least square fits
to Olinger, Roof, and Cad$.The entire set of elastic con- of the lattice parameters d§T;p). In cases where hydro-
stants for RDX has been measured very recently, and wilstatic compression results are compared to experiment, we
appear in a forthcoming publicationThe comparison be- ignore the 0.05 GPa difference between the two.

K

TABLE V. Calculated lattice lengths and unit cell volumefd®,T). Uncertainties in the last digit are given
in parentheses.

T (K) p (GP3 aA) b (A) c (A Volume (A3)
218 0.0 13.37@®) 11.7152) 10.7063) 1676.93)
1.0 13.1604) 11.5291) 10.4583) 1586.13)
2.0 12.9744) 11.3652) 10.31G3) 1519.73)
3.0 12.8593) 11.25%1) 10.1722) 1472.Q2)
4.0 12.77%3) 11.2031) 10.0652) 1440.31)
247 0.0 13.38®) 11.7362) 10.72G4) 1682.93)
1.0 13.1663) 11.5372) 10.4623) 1588.63)
2.0 12.97%5) 11.3742) 10.3143) 1522.13)
3.0 12.8663) 11.2612) 10.1752) 1473.92)
4.0 12.7743) 11.2031) 10.0762) 1441.72)
276 0.0 13.40(8) 11.74%12) 10.7394) 1688.64)
1.0 13.16%4) 11.5452) 10.4723) 1591.53)
2.0 13.0044) 11.3822) 10.3113) 1525.63)
3.0 12.87%4) 11.2682) 10.18a3) 1476.42)
4.0 12.7882) 11.2031) 10.0762) 1443.G2)
304 0.0 13.41(8) 11.7582) 10.7564) 1694.84)
1.0 13.1765) 11.5522) 10.4834) 1594.83)
2.0 12.9945) 11.39G2) 10.3244) 1527.83)
3.0 12.8784) 11.2732) 10.19G3) 1478.22)
4.0 12.7903) 11.2052) 10.0833) 1444.62)
333 0.0 13.4268) 11.77%2) 10.7715) 1701.45)
1.0 13.1784) 11.5622) 10.4954) 1598.23)
2.0 13.0204) 11.3952) 10.3233) 1530.93)
3.0 12.8814) 11.28G2) 10.19G3) 1480.12)
4.0 12.7863) 11.21G1) 10.0932) 1446.22)
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TABLE V. lllustrative parameters pertaining to isothermal compression.

a(A) b (A) c (A V (A3
p (GPa Calc®®  Expt®®  Calc®®  Expt®®  Calc®®  Expt®  Calc®®  Expt?°
0.0 13.407 13.20 11.754 11.60 10.750 10.72 1693.0 1641.4
alag b/by clcy VIV,
T (K)4 Calc. Expt Calc. Expt Calc. Expt® Calc. Expt®
218 0.955 0.956 0.940 0.859
298 0.954 0.960 0.954 0.942 0.938 0.936 0.853 0.846
333 0.952 L 0.952 e 0.937 e 0.850
T=295K.

PObtained from linear least squares fit.
‘Reference 2.
For a pressure of 4 GPa.

The isothermal compression is in good agreement witlthe absolute magnitude of the CTEs based on our results, the
the experimental datéTable V). Specifically, the percent good agreement we obtain for isothermal compression sug-
errors in the calculated lattice lengths and unit cell volume agests that it might be possible to map the calculated pressure
p=0.0GPa are 1.6%, 1.3%, and 0.3% forb, andc, re- dependence of the volumetric CTE onto an effective tem-
spectively, and 3.1% for the unit cell volume. A comparisonperature curve using a calibration that accounts for the error
of the linear and volumetric compressiotx, [where x in the predicted CTE.
=a,b,c, or V, x=x(p), and xo=x(p=0)] along theT Using neutron scattering techniques, Dick and von
=295K isotherm yields errors of 0.6%, 1.3%, and 0.2% Dreel&® have observed pressure-induced distortions of up to
for the lattice lengths, and 0.8% for the unit cell volume.8° in torsional angles for the high explosive pentaerythritol
Temperature effects on the hydrostatic compression aretranitrate(PETN) hydrostatically loaded to 4.28 GPa in a
small for the temperature domain considered: the averagdiamond anvil cell. Since both RDX and HMX have low
percent difference ix/x, for the two limiting temperatures frequency (less than 200 cm'), anharmonic molecular
is only 0.3% and 1.1% for lattice lengths and unit cell vol- mode$®*°that couple with phonon modes in the matefial,
ume, respectively. the applicability of rigid molecules for the temperatures,

The coefficient of thermal expansid@TE) is given by  pressures, and properties of interest in the present work
a=x‘1[(9x(T)/(9T]|p. We fit our results to this using linear needs to be more carefully assessed. We hope to address this
regression to obtainx(T;p) and hence a temperature- issue in future publications.
depgn_dent CTE for each lattice paramdfEable VI). Th(_a V. CONCLUSIONS
precision of the results does not warrant the use of a higher-
order fitting form. Cad$/ has measured the linear and volu- Isothermal-isobaric Monte Carlo calculations were used
metric CTE of RDX at atmospheric pressure and expressedithin an all-atom rigid-molecule framework to compute the
these quantities as a fifth-degree polynomial in temperatureelastic coefficient tensoC;;,; and derived anistropic engi-
The comparison to experiment is not as good as for isothemeering moduli and Poisson ratios for crystalline RDX as a
mal compression(Table VI). Taking into account Cady’s function of temperature and hydrostatic pressure. The elastic
choice ofa, b, andc axes, and retaining only terms through coefficients were computed on the basis of formalism due to
third degree, the percent errors are 15.79%49.1%, and Parrinello and Rahmérin which the Cjj, are obtained in
—31.8% for the linear CTEs alorm, b, andc. The percent terms of fluctuations of the strain tensor. An additional prod-
error in the volumetric CTE is-34.6%. These values are uct of the calculations is newVT equation of state infor-
comparable to those given previously by Sorescu, Rice, andhation from which quantities such as linear and volumetric
Thompsofiin the initial presentation of their potential set for coefficients of isothermal compression and thermal expan-
RDX. We find a strong dependence of the CTE on pressuresion can be obtained.
as is shown at the bottom of Table VI. For example, we  Assuming an orthotropic form for the compliance matrix
predict the volumetric CTE al=295K to decrease by a (a legitimate assumptionwe computed the Young's and
factor of 3.5 in passing frop=0.0 GPa tqp=4.0 GPa. Al-  shear moduli, and the Poisson ratios as a function of hydro-
though one obviously cannot make an accurate prediction dftatic pressure and temperature in the domain 0<G¥Pa

TABLE VI. Coefficients of thermal expansion. The temperatur@ 295 K.

a, (°C7Y ap (°CY ag(°CY ay(°CY
p (GPa Calc. Expt? Calc. Expt? Calc. Expt? Calc. Expt?
0.0 3.0%10°° 2.61x10°° 4.42x107° 8.68<10°° 5.36x10°° 7.86x10°° 1.25<10°* 1.91x10°*
4.0 1.01x10°° 4.79<10°8 2.15x10°° 3.55x10°

aReference 27.
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